The objective of this study was to analyze
Introduction
Mixing enhancement of high and low speed streams is utilized as a means to improve efficiency of supersonic combustors, reduce aircraft signatures, and control high speed jet noise. Although the presenl program's primary goal was to attain jet signature reduction through enhanced plume mixing rates, the primary focus of this paper and our laborator3"s research is the development of performance efficient jet noise suppression technology. Various methods to achieve improved mixing have been studied for the applications mentioned above. devices, when located on the jet nozzle lip, could be utilized to enhance mixing of high-speed jet flow with the surrounding medium.
*
They named their device a tab, after those commonly used to achieve screech control in supersonic jets. They inferred a large increase in jet flow entrainment for both heated and unheated jets through observation of enhanced decay of jet centerline velocity. The near field jet spectra indicated, that in addition to screech control, low frequency jet noise was also reduced. Samimy, Zaman, and Reeder 4 and Zaman, Reeder, and Samimy 5 further investigated the properties of enhanced mixing using tabs. In these studies they measured the streamwise mass flux and found tab configurations capable of entraining 1.5 times the mass flux of the baseline axisymmetric nozzle. The design of their tab geometry was based on the production of large-scale streamwise vorticity, which promotes mixing due to an increase in perimeter contact between low and high-speed streams.
Their tab geometry was not designed to excite naturally occurring jet shear layer instabilities.
In both these studies the enhanced jet mixing rates were used as a means for reducing jet noise, although these studies have not obtained the required acoustic confirmation. At the outset of this study it was clear that no theoretical or semi-empirical method existed that could relate tab design to enhanced mixing rate and noise reduction.
Enhanced mixing has not always led to noise reduction in the appropriate metric 6. Enhanced mixing was found to be an acceptable method when the far field noise is dominated by eddy Mach wave emission. When considering initialtab designs it was uncertain how to select the number or spacing of these devices, penetration depth into the initial jet shear layer, and ramp angle of the tabs. Zaman, Reeder, and Samimy 4 had determined that those tabs that were inclined 45°downstream of the nozzle exit produced the largest mass flow entrainment rates.
In the present study we have examined the mixing process associated with tab-like devices located on the jet nozzle lip through coordinated experimental and numerical simulations. Because of program constraints, the nozzle geometry chosen was that of the J-85 engine nozzle.
Tabs were designed with 45°ramp angles and penetration depths that produced 3% projected area blockage at the nozzle exit with 2, 4 and 6 tabs mounted on the nozzle lip trailing edge. This permitted examination of the distribution of total induced counter-rotating vorticity on mixing enhancement.
To examine the effect of total induced vorticity strength; one set of tabs was designed with 8%-projected area using 2 tabs. The fence tabs of Ahuja and Brown 3, 3.57% projected area, were also applied.
These tabs had ramp angles of 90 o.
Experimental measurements were acquired for all these configurations to determine mass flow entrainment.
Numerical simulations were performed using a Navier-Stokes code for the 2 and 4 tab configurations.
The results of this work show that the initial growth rate of the jet shear layer is increasingly enhanced as more tabs are added, but that the lowest tab count results in the largest entrained mass flow. The extent to which the numerical simulations confirm these results is detailed in this paper.
Experimental Description
The experimental research was conducted in the NASA Langley Jet Noise Laboratory's (JNL) Small Anechoic Jet Facility (SAJF). This facility is used to study small scale nozzles up to 5.08 cm.
The facility has an anechoic test section and capability to electrically heat air for nozzle research to 811°K.
An indrafi co-flow nozzle (60.96 cm diameter) powered by an exhaust fan produces a maximum co-flow velocity of 6 rrdsec.
For the tests reported in this paper, an axisymmetric round nozzle was constructed with exit diameter of 3.259 cm. The convergent internal nozzle geometry of the axisymmetric nozzle was similar to the J-85 engine nozzle in the cruise power setting. The nozzle was operated in still air at nozzle pressure ratio's to produce fully expanded Mach numbers, Mj, of 0.37, 0.85, and 1.3. Only the results at Mj = 1.3 are reported in this paper. The flow was unheated.
In addition to the baseline round nozzle, additional nozzles were fabricated that had 2, 4, and 6 tabs located at the nozzle exit. These tabs were fabricated by wire EDM. Their geometry was prism shaped with downstream ramp angles of 45°inclined into the initial jet shear layer.
The projected area into the flow of each nozzle's total tab set was 3% of the nozzle's baseline area.
In addition, a 2-tabbed nozzle was designed that had a blockage area equal to 8%. Fence-like tabs with 3.57% blockage area, were applied to the baseline nozzle. The fence-like tabs were identical to those used by Ahuja and Brown 3. Figure 1 shows a photograph of the baseline nozzle and those with 4 and 6 tabs with 3% total projected area blockage.
For these experiments a single supersonic total pressure probe was traversed in several downstream nozzle cross-plane locations to measure the total mass flux.
These axial station locations corresponded to 1, 3, 5, 8, 12 , and 16 jet diameters.
Since the jet airflow was unheated total temperature measurements were not required to measure mass flux. One deficiency of these experiments is that plume static pressure was not measured.
However, the error is expected to be small due to the low jet Mach number.
Beyond 
the compressible three-dimensional, time dependent Navier-Stokes equations
2_.&c k &c,) and the three-dimensional, time dependent energy
together with the equation of state,
As usual, p is the density, the (uj) are the velocity components, p is the pressure, R is the gas constant, e = CvT is the internal energy per unit mass, T is the temperature, K is the thermal conductivity, Cv is the specific heat at constant volume and la is the viscosity coefficient. The viscosity is computed using Sutherland's law I,t=/,toT 3/=/((1 10.0 + T}
It is assumed that the bulk viscosity coefficient is zero and that Cv and Cp, the specific heat at constant pressure, are constant. Finally, the Prandtl number is assumed constant and equal to 0.72. 
C I + C 2 was 0.624. Finally the jet Reynolds number is
With these conditions Re = 8.39 X 105. Figure 3 is asketch illustrating thebasic geometry. Thepoint( xo,Yo) is thecenter ofone ofthevortices. Thepoint( xj, Yk) isanygridpoint on the inflow boundary. The radialdistance between these pointsis r. Weassume thatthe vortexat ( x0, Y0) generates a circumferential velocity, V0,at(xj, Yk ) which isgiven by withb thescale ofthe vortex and V0 the amplitude.
Then at ( xj, Yk ) the cartesian components of the velocity are
In a counter rotating vortex pair, one has a positive Vo and the other has a negative V0. At each grid point on the inflow boundary we sum up the contributions to ( Uj.k , Vj,k ) from each of the vortices, yielding the total inflow values of ( Uj,k, Vj,k ). In a similar way we modify the inflow pressure field to account for the vortices.
The sign of Vo sets the sense of rotation of the vortex pair. If V0 is positive the vortex pair is a "necklace" vortex pair and is a "trailing" vortex if Vo is negative.
In all of these calculations V0 was negative and the vortices were of the "trailing" type i.e. we are modeling tabs with the apex leaning downstream. Therefore we want to minimize the effect of these computational boundaries.
To access the effect of the placement of these boundaries we carried out a series of tests in which the jet flow without tabs was simulated with the computational boundaries at different distances from the centerline of the jet. The jet has a diameter D = 3.259 cm. at inflow.
In test A the width and height of the computational domain, H (see 
Experimental
Axial Velocity Contours The measured jet exit Mach number profile of the baseline round nozzle is shown in Figure 5 . The data shows that the initial jet boundary layer thickness is of the order of 4% of the jet exit diameter.
This relatively thick boundary layer is attributed to the internal nozzle geometry design of the J-85 nozzle.
The data of Figure 5 shows that the central flow from the nozzle is extremely uniform.
All tab configurations have penetrations that extend well beyond the boundary layer. Specifically, nozzles with 3% projected area tabs all have a penetration depth equal to 11.1% of the jet exit diameter.
The projected area for these nozzles is maintained constant by adjusting the base width of the tab at the nozzle lip. The nozzle with 2-tabs and 8% projected area had a penetration depth equal to 26.8% of the jet exit diameter. blockage at z/D = I., 3., 8., and 16 respectively. The figures are scaled to provide reference to the baseline nozzle. The tab location is shown on these figures in the orientation used throughout testing. As is evident from this data, the tabs introduce a well-defined perturbation of the jet flow. Planar imaging of this flow clearly showed the presence of counter rotating vorticity.
It can be seen that as the flow evolves downstream, the jet becomes more elliptic, with a major axis that exists through the region with the largest tab separation. This _ ill be better explained after viewing the numerical simulations.
Figures 8a, 8b, 8c, and 8d summarize the results obtained for the nozzle containin_ 6-tabs with 3% blockage.
In contrast to the 4-tab nolzle, the flow is axisymmetric by z/D = 16. As can be seen, two strong vortex regions form independent of tab shape or size. The data also shows that each plume becomes nearly rectangular or oval with major axis that is rotated from the original plane of induced vorticity.
It is also evident from these results that the highest velocity in any cross plane occurs off the centerline axis.
Results of the Numerical Simulations
Simulations were run with 2 and 4 tabs.
The positions of the tabs are shown in Figure 12 ; 2 tabs in panel, a, and 4 tabs in panel, b. In both of these panels the inflow region of the jet within the computational domain is also shown with the grid within the jet. The grid outside the jet is not shown for the sake of clarity; the resolution is the same as inside the jet. The positions of the tabs are shown by the black diamonds, which are of course, not to scale but are used only to denote the tab positions, which are the same as in the experiment.
In panel, b, the upper and lower pair of tabs subtends an angle of 30°with the side angles being 120°. We also varied these values to check the sensitivity of our results to them; it will be seen below that the results are not very sensitive to the values of Vo and b.
The qualitative behavior of the flow in all cases was very similar. From the inflow boundary to z / D = 5 or 6 the vortices were quite stable and the entire flow was almost steady.
Beyond this location the vortices began to show an unstable, time varying behavior. This is precisely what we had seen in our previous simulations 8. The pairs of counter rotating vortices interact with each other and evolve to an unsteady state. This is not a numerical instability. The calculation does not "'blow up", the unsteady evolution just continues.
Typically it takes about 4,000 time steps (about 6 ms) for the calculated flow to reach an equilibrium state but we have run one case for 24,000 time steps without there being any "'blow up". An time averaged picture of the flow with 2 tabs is shown in Figures 13, 14, Finally, at z/D = 16, Figure 18 , the jet has lost most of its structure as has the vortices. Figure  19 shows mean centerline velocities obtained with the baseline nozzle and those containing 2 tabs. Figure 20 shows the plume centerline behavior for all nozzles with tabs having 3% projected area.
Mass Flow Entrainment Analysis
The centerline decay results would clearly mislead one if they are used to judge jet noise reduction, since the contour data of the previous figures show that peak centerline velocity occur off-axis. A more effective measure enhanced mixing for noise reduction is to integrate the measured axial velocity contours for mass flux through an axial station.
The results of this integration are shown in figures 21a and 2lb. The entrainment is greatest for that configuration designed to produce the strongest counter-rotating vorticity.
However, Figure 21b shows that the nozzle with 6 tabs, while initially entraining more fluid than the baseline, eventually disrupts the normal process of turbulent mixing entraining less fluid than the baseline after z/D=8.
In a similar fashion, Figure 22 shows the rate of increase in mass entrainment relative to It may be that we should use a larger value of Vo. Figure   23 provides a summary of the experimental results where the mass flux in a given plane is normalized by the mass flux in that same plane associated with the baseline nozzle.
As can be seen, those nozzles that have better distributed induced counter-rotating vorticity (i.e. more tabs), entrain more co-flow in the first 5 jet diameters than do those with a lower order. The total induced vorticity is approximately equal between 2 and 6 tabs with 3% projected area. As the turbulent jet shear layer grows, however, the relatively weaker vorticity associated with the higher tab count, actually leads to the development of a jet that entrains less co-flow than the baseline nozzle.
Those nozzles with 2-tabs initially entrain The initial growth of the shear layer is numerically reproduced in the jet potential core, but beyond over predicts the growth due to vorticity.
Nozzle Discharge Coefficients We have shown how induced counterrotating vorticity can be used to enhance jet mass flow entrainment rates. Since the JNL SAJF does not have a balance, the present experiments cannot address thrust loss. However, it is possible to evaluate the change in nozzle discharge coefficient. Table II shows a comparison of the measured nozzle discharge coefficient to relative to that of the baseline nozzle. From Table II it is clear that the 2-tab configuration with 8% blockage area produced the biggest loss in performance.
This nozzle configuration also produced the strongest induced counter-rotating vorticity. The nozzle configuration with 6-tabs produced the lowest performance loss and at the same time produced the strongest entrained mass flux in the potential core region of jet flow.
All other tab configurations produced similar levels of performance loss.
Conclusions
This paper has examined the process of enhanced mixing in an unheated supersonic jet through the introduction of counter-rotating streamwise vorticity.
The vorticity was introduced experimentally by placement of prism shaped devices (i.e. tabs) on the trailing edge of a model axisymmetric nozzle. Numerical simulations with a Navier-Stokes code without turbulence model were performed to separate out the influence between normal turbulent shear layer mixing processes from those produced by induced streamwise counterrotating vorticity introduced into the nozzle flow at regions comparable to the experiment.
Nozzles were designed that had 2, 4, and 6 tabs located on the nozzle lip. The design was such that induced vortex strength was diminished with increasing tab count, but total vorticity was held constant.
The experiments unfortunately did not measure initial flow cross-stream velocity to validate this statement.
The numerical simulations were performed with varying degrees of induced vortex strength to study the effect on mass flow entrainment.
Experiments were also conducted with 2-tabs with different levels of induced vorticity.
The results show a striking similarity in the flow evolution between numerical and experimental jets, particularly in the jet potential core region.
Even the mass flow entrainment rates are similar in this region of flow.
Because of complications associated with computational boundaries, the comparison between experiment and simulation degrades by 8 jet diameters. The results of this study show similar values for mass entrainment relative to previous investigations The nozzle with 6-tabs produced the least performance loss, while achieving the largest growth rate in the initial region of jet development. The nozzles with only two tabs produced the largest levels of mass flow entrainment relative to the baseline nozzle, but this occursbeyond thejet potential core.Thedifference in behavior between 2 and6 tabshasstrong implications onexpected acousticsuppression characteristics. The2-tab 5. nozzles wouldbeexpected to produce thelargest reduction in noisearoundthe baseline nozzle's spectrum peak amplitude level.However, the6-tab nozzle could very well provide the best overall performance in the EPNL metric, where it is 6. important to reduce mid-band frequencies.
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